In this work we apply a bioinformatics approach to determine the most important enzymes of the metabolic network of Eucalyptus to determine the coverage of the genome in the FORESTS library. We conclude that the library does not cover completely the metabolism of the organism. However, some important pathways could be analyzed, especially the lignin synthesis. We found that four of the most important enzymes predicted are involved in this pathway.
The investigation of the influence of enzymes on the network is a critical issue for the bioengineering and pharmaceutical industry since they can be targets for drugs (Karp et al., 1999) or they can be genetically engineered to change the metabolic output of specific metabolites (Edwards and Palsson, 1997) . Our approach investigates the static structure of the components of the network to infer causal and physiological relationships. In a previous work we applied our method to Escherichia coli, whose metabolism has been studied in depth, and found a strong correlation between the damage an enzyme causes to the network and its essentiality , thus showing the predictive power the method has for determining important enzymes. In this work we apply this method to the genome of Eucalyptus that is an important commercial source of wood and cellulose. In particular, there is a great deal of interest in the bioengineering of plants involving the metabolic pathways of cellulose and lignin to generate genetically modified organisms with enhanced production of cellulose and decreased production of lignin.
In our method we have introduced a new quantitative criterion for enzyme importance: the damage its removal causes to the metabolic network . In the absence of complete information about kinetic parameters and the influence of the regulatory network, we cannot predict all consequences of the deletion of a specific enzyme; however, we assume that the essentiality of a protein is not necessarily related to its level of expression as shown by Rocha and Danchin (2003) for Escherichia coli and Bacillus subtilis. Using only information about the reactions oc- Genetics and Molecular Biology, 28, 3 (suppl), 630-633 (2005) Copyright by the Brazilian Society of Genetics. Printed in Brazil www.sbg.org.br curring in an organism, we can determine the number of metabolites whose production is prevented by the absence of the enzyme , which we define as the damage d to the network. d is a measure of the number of disrupted pathways generated by the removal of the enzyme from the network. To build the network of metabolic reactions for an organism, we collect all enzyme codes (ECs) and reactions involved in the small molecule metabolism (Edwards et al., 2001; Masanori, 2004) of Eucalyptus using the KEGG and FORESTS databases. The small molecule metabolism is a subset of the complete metabolism that excludes DNA replication and protein synthesis reactions (Masanori, 2004) .
From the FORESTS database, we obtained HTML files with the set of ECs and corresponding metabolic maps. Using this information, we searched KEGG for corresponding reactions to build the metabolic network. This initial metabolic set of reactions can present inconsistencies since the annotation of biological sequences is error prone (Devos and Valencia, 2001) . Among the most common problems we find on annotated genomes is the incorrect attribution of function to some genes and the lack of function of others. When dealing with annotations based on ESTs libraries, we also have to deal with large errors in the nucleotide sequence and the fact that we do not have the complete genome since low-expressed genes are missed. A key advantage of this technique is that we can be confident that all the genes we have are really expressed. Absent genes imply the generation of inconsistent sets of chemical reactions with missing or false reactions. In our analysis we verify the consistency of this set, impossible reactions are removed and highly probable missing reactions are introduced. This analysis of consistency is helped by the fact that reactions produce or use metabolites from other reactions. For example, the reaction corresponding to an annotated EC may require a metabolite that is not produced by any other reaction or is not available from an external source. Then the reaction is not included in the input reaction set for the simulation. In addition, some reactions require metabolites that are not produced inside the cell. We determine all external metabolites required and use them as an input for the simulation. Consequently, our generated set of chemical reactions has higher confidence than the one obtained solely from the annotation process, but is dependent on its accuracy.
The metabolic analysis uses a graphical representation of metabolism. The graph is directed and has two types of nodes (formally we classify this structure as a bipartite graph). One node type represents chemical reactions and the other metabolites. A link between a reaction and a metabolite points towards the metabolite, if the metabolite is a product, and in the opposite direction, if the metabolite is a reactant. We treat reversible reactions as two separate reactions. To calculate the damage, we select an enzyme and delete all reactions it catalyzes; the number of deleted metabolites is defined as d. For more details see reference Lemke et al. (2004) . The method was motivated by experiments of systematic mutagenesis where the importance of each gene is tested for the survival of an organism. The algorithm can be thought of as an in silico knock out of the ORF that encodes a given enzyme.
The analysis of the EST sequences of Eucalyptus in the FORESTS database was restricted to ESTs coding enzymes which involved the small molecule metabolism. Some enzymes were excluded from the analysis (32 ESTs); these proteins catalyzed reactions whose substrates cannot be produced by any other reaction and their products are never used. The reactions we used in our simulation are present in the following metabolic pathways:
• • Tyrosine metabolism;
• Phenylalanine metabolism;
• Tryptophan metabolism;
• Urea cycle and metabolism of amino groups;
• Phenylalanine, tyrosine and tryptophan biosynthesis.
We found incomplete metabolic pathways with missing enzymes; however, the pathway of lignin production was possible to analyze. In Table 1 we list, in decreasing order of damage, the enzymes associated with high damage (d) to the network. These enzymes have a higher probability than others of being essential for metabolism . The list includes only enzymes with damage equal or higher than 6. We found that 204 (58.1% of 351) enzymes cause damage 0 to the network implying that they are redundant for the metabolism according to our simulation.
Here we give a brief description of the function of some of the enzymes in Table 1 : phenylalanine ammonia lyase is involved in the elimination of CH3 and may also act on L-tyrosine; 4-coumarate-Coa ligase acts on acid-thiol ligation; aldehyde dehydrogenase is an oxidoreductase acting on the aldehyde or oxo group of donors, with NAD + or NADP + as acceptors; mevalonate diphosphate decarboxylase is a lyase involved in sterol biosynthesis; monophenol monooxygenase is an oxidoreductase acting on paired donors with incorporation of molecular oxygen, with another compound as one donor, and incorporation of one atom of oxygen; alpha-galactosidase is hydrolase involved in the hydrolysis of terminal, non-reducing alpha-D-galactose residues in alpha-D-galactosides, including galactose oligosaccharides, galactomannans and galactohydrolase; isopentenyl-diphosphate delta-isomerase acts on sterol and terpenoid biosynthesis cinnamoyl-Coa reductase is an oxireductase that acts on a number of substituted cinnamoyl esters of coenzyme A; galactinol-sucrose galactosyltransferase is involved in the hexosyl group transfer, the first step in biosynthesis of raffinose sugars; L-aminoadipate-semialdehyde dehydrogenase is an oxidoreductase acting on the aldehyde or oxo group of donors, with NAD + or NADP + as acceptors; UDP-glucose 6-dehydrogenase is an oxireductase and acts on the CH-OH group of donors, with NAD + or NADP + as acceptor. Also acts on UDP-2-deoxyglucose; succinate-Coa ligase is involved in acidthiol ligation and formation of carbon sulfur bonds; dihydrodipicolinate reductase is an oxireductase that acts on paired donors with incorporation of molecular oxygen, with 2-oxoglutarate as one donor, and incorporation of one atom each of oxygen into both donors. Requires Fe +2 and ascorbate.
We concluded that the current FORESTS library provides an incomplete coverage of the metabolic network of Eucalyptus since key metabolic compounds cannot be produced with the available set of enzymes. For example, cellulose, a key structural compound cannot be produced. In order to produce this substance from the compounds UDPglucose and GDP-glucose, the enzymes cellulose synthase (UDP-forming, EC 2.4.1.12) and cellulose synthase (GDPforming, EC 2.4.1.29) are required according to KEGG map's Starch and Sucrose Metabolism; however, they are missing in the FORESTS database. With our analysis we cannot determine whether this is due to an incomplete library or due to errors on the annotated enzymes or perhaps because this metabolic pathway is based on ORFs that have no homologs in any other sequenced organism. The clarification of this point demands experimental investigation. Some metabolic pathways seem incomplete, for example, in the Arginine and Proline Metabolism, only 2 enzymes out of 71 are present in the database and in the cellulose synthesis pathway, only 11 out of 71 are present. In contrast, some pathways, such as the Riboflavin Metabolism seem complete with 11 out of 13 enzymes present and the Alanine and Aspartate Metabolism with 33 out of 38. We must point out that KEGG's metabolic maps are general for all organisms and not necessarily all enzymes represented in these maps exist for a given organism. Additionally, metabolism is a complex network of reactions particular to different groups of organisms.
We also found that 32 enzymes catalyze isolated reactions, indicating that the library is not complete. The list of 632 Using the FORESTS and KEGG databases Table 1 ). We searched EC numbers in each enzyme class and found that oxireductases are the most abundant followed by transferases, hydrolases, lyases, ligases, and isomerases. The comparison of the number of ECs with the number of reactions in each enzyme category suggests that oxireductases and transferases are less substrate specific (ratio of number of reactions to number of ECs) than any of the other enzyme classes.
Our results also indicate a high level of redundancy, this was also observed in E. coli, and even in Mycoplasmas (Mombach et al., 2005) that have very small metabolic networks. The damage values we observed can be considered small (the maximum value is only 22 compounds); this is a consequence of the property of clusterization of the metabolic network observed by Ravasz et al. (2002) .
Despite the fact that the metabolic network of Eucalyptus is incomplete, this work presents a first step towards the understanding of its overall metabolism. In future studies we intend to complement our methodology with other techniques using flux balance analysis that predict the matter flux through each reaction (Edwards et al., 2001 ). Another possible extension of our work is to use the technique proposed by Masanori (2004) that considers explicitly the flux of the atoms participating in a given reaction.
